SUMMARY To describe the epicardial ventricular activation sequence in the intact human heart, we obtained epicardial maps from 11 patients with normal QRS undergoing open heart surgery. Epicardial breakthrough (EBT), defined as the emergence of a radially propagating epicardial wavefront, occurred in three to five sites in each patient, and was earliest in the anterior right ventricle, 7-25 msec (mean 17 msec) after the onset of the QRS in all patients. Subsequent EBT occurred in the inferior right ventricle (10 sites in 10 patients), in the anterolateral left ventricle (13 sites in 10 patients), and the inferior left ventricle (eight sites in seven patients). Latest epicardial activation (LEA), defined as the latest site of recordable epicardial activity, occurred in the basal segments in all patients, anteriorly in the right ventricle in five patients, and inferiorly in six patients, four on the right and two on the left. LEA occurred 63-96 msec (mean 77 msec) after the onset of the QRS, and was recorded within 20 msec of the end of the QRS in all patients. Sequence of epicardial activation reflected a fusion process among the wavefronts. This descriptive and quantitative data should provide a suitable basis for comparison of abnormal ventricular activation sequences in patients undergoing surgery for preexcitation or ventricular tachycardia.
MOST DESCRIPTIONS of ventricular activation in the mammalian heart are derived from canine experimentation using epicardial and multiple intramyocardial electrodes.'" Sporadic observations have been made in the human heart under a variety of surgical conditions in the last 50 years, relating mostly to unipolar QRS morphology. [8] [9] [10] [11] [12] [13] In 1970, Durrer et al. described the epicardial and intramural activation sequence in seven extirpated, reperfused human hearts. '4 The activation of the human heart was found to be different in several ways from the dog heart.
Extensive epicardial mapping of the intact human heart has become feasible, as a result of the experience gained with mapping of patients with cardiac arrhythmias. In this study, we systematically report observations of epicardial activation in the intact human heart, describing and quantitating the range of normality in epicardial activation sequence in 11 patients undergoing open heart surgery.
Material and Methods

Patient Selection
We All patients had three to five discrete sites of epicardial breakthrough -five patients had three breakthrough sites, three patients had four sites, and three Figure 2 is the map from the patient (2) with secundum atrial septal defect, who had five epicardial breakthrough sites, two in the right ventricle and three in the left ventricle. The QRS duration was 80 msec in this patient. Earliest epicardial breakthrough occurred 16 msec after QRS onset in the anterior paraseptal right ventricle. We observed subsequent breakthrough sites in the inferior left ventricle at 18 msec, anterolateral left ventricle at 20 msec, both in the basal and apical regions, and in the inferior right ventricle at 22 msec. The ventricles were depolarized by a process of fusion, with the latest area of epicardial activation in the right ventricular basal inferior wall at 70 msec, 10 msec before the end of the QRS in this patient. The latest left ventricular site activated was at the inferior basal region close to the obtuse margin at 60 msec.
The epicardial breakthrough sites in the 11 patients are summarized in figure 3 . Forty-two sites were identified. Earliest epicardial breakthrough in the 11 patients was in the anterior right ventricular wall adjacent to the septum. We observed subsequent breakthrough sites in all patients. In 10 patients, we noted The site and timing of areas of latest epicardial activation were analyzed. The sites found are summarized in figure 4. All sites of latest epicardial activation were found at the base of the heart, four anteriorly in the conus region, one anteriorly near the acute margin of the right ventricle, and six distributed along the atrioventricular groove, inferiorly, four on the right and two on the left. The anterolateral basal left ventricle was never the site of terminal ventricular activation in these patients. Recorded epicardial activation was complete by 63-96 msec, with a mean of 77 msec after the onset of QRS. All latest sites were recorded within 20 msec of the end of the QRS. In 10 cases, latest activation was identified before the end of the QRS by 2-20 msec (mean 14 msec). In one patient, latest epicardial activation was recorded 16 msec after the visible end of the QRS complex.
Analysis of the site and timing of latest activation of the two ventricles separately was also performed. As shown in table 1, we found a site of latest epicardial activation on each ventricle. For the right ventricle, in nine of 11 patients (all except patients 3 and 5), this was also the latest activated site on the epicardium as a whole. Latest right ventricular activation occurred 60-96 msec (mean 75 msec) after the onset of the QRS and was located anteriorly in six patients and inferiorly in five patients. In the case of the left ventricle, the latest site was also the latest site on the epicardium as a whole in two patients (3 and 5) . Latest left ventricular activation occurred 60-87 msec (mean 70 msec) after onset of the QRS, and was located in the inferior left ventricle in all patients, at the base in eight patients, and as a sink removed somewhat from the basal rim in three patients (1, 8 and 9) . wavefront 25-50 msec after the onset of QRS ( fig. 2 ). This effect was most marked when the two contralateral breakthrough sites were distant from one another, e.g., a basal inferior right ventricular wavefront fusing with an apical inferior left ventricular wavefront (patient 10). In the absence of an inferior right ventricular breakthrough (patient 3), the inferior right ventricle was activated from the inferior left ventricle.
The predominantly from inferior left ventricular emerging wavefronts, when present (seven patients). Although six of these patients had additional inferior right ventricular wavefronts, the right ventricular wavefronts did not appear to influence depolarization of the left ventricle; the wavefront on the left side of the septum was "dominant" in the inferior wall ( fig. 2 ). In the absence of discrete left inferior breakthrough sites, there was always (four patients) a breakthrough on the inferior right ventricle and one or two breakthroughs on the anterolateral left ventricular wall. These two wavefronts fused with each other 50-60 msec after the onset of the QRS, to depolarize the inferior left ventricular epicardium ( fig. 1 ).
In the anterolateral left ventricle (in all cases expect patient 11) one or two sites of epicardial breakthrough were responsible for most of anterolateral left ventricular activation. In all but one patient (patient 2, fig. 2 ), the anterior right ventricular breakthrough was sufficiently early and sufficiently close to the septal region, so that it influenced significantly the process of depolarization of the paraseptal region of the left ventricle, by fusing 20-60 msec after the onset of the QRS, with the anterolateral left ventricular wavefronts ( fig. 1 ). In no patient was the inferior left ventricular breakthrough early enough or close enough to the obtuse margin to influence significantly the pattern of activation of the anterolateral left ventricular epicardium.
Discussion
In the dog heart,2-' ventricular activation begins on the left septal surface, near the junction of apical and middle thirds. This coincides with the onset of the QRS complex, and is followed within five msec by endocardial activation of the base of the left anterior and posterior papillary muscles. From here, left ventricular endocardial layers are depolarized rapidly as a truncated cone from apex to base, over 10 msec. The septum is activated in a centrifugal fashion, predominantly from left to right, spreading from the initial site. The left ventricular free wall depolarizes with an endo-epicardial sequence, the latest areas to be activated being the basal free wall and septum (40 msec after the onset of QRS). The depolarization of the right ventricle begins in the endocardium near the base of the anterior papillary muscle, at the insertion of the moderator band, five msec after initial left septal activation. Rapid right ventricular subendocardial activation results within 10 msec, and contributes to septal activation. Right ventricular free wall activation occurs tangentially, spreading to the epicardium as a single breakthrough opposite the base of the anterior papillary muscle, at 10-15 msec, from where more or less concentric isochronic spread occurs, terminating in the conus region by 30-35 msec. Thus, at the epicardial surface, three breakthrough sites are described, first in the right ventricular pretrabecular area as above, and later in two left ventricular sites, anteriorly adjacent to the midportion of the septum at 15-20 msec, and posterobasally at about 20-25 msec. These three epicardial sites correspond to the sites of In these hearts, minor variations in the activation process were observed, but the usual pattern of depolarization was to excite synchronously three left ventricular endocardial areas, 0-5 msec after the start of the left ventricular cavity potential: 1) an area high on the anterior paraseptal wall just below the attachment of the mitral valve; 2) a central area on the left surface of the interventricular septum; 3) a posterior paraseptal area about one-third of the distance from apex to base. Rapidly expanding fronts from these areas became confluent by 15-20 msec, reaching the epicardial surface of those sites overlying the areas of earliest endocardial excitation by 30 msec. The latest site to be activated was either the posterobasal or posterolateral area of the left ventricle. Endocardial right ventricular activation started near the insertion of the anterior papillary muscle 5-10 msec after the onset of the left ventricular cavity potential. Then, rapid invasion of the septum and adjoining free wall occurred, resulting in right ventricular epicardial breakthrough in the area pretrabecularis after about 20 msec. The isochrones proceeded tangentially, reaching ultimately the pulmonary conus and the posterobasal area at 60-70 msec. In general, ventricular septal activation proceeded from left to right and in an apicobasal direction.
In Durrer's study,14 the epicardial excitation pattern reflected the movement of the endocardial and intramural fronts. Earliest epicardial breakthrough occurred in the anterior right ventricle near the septum in the 20-25-msec interval, spreading concentrically, activating the posterobasal region slightly later than the anterior atrioventricular sulcus region or the pulmonary conus. Larger variations were seen in the epicardial sequence over the left ventricle. Three early points of epicardial activation were seen: 1) an area on the anterior surface paraseptally, close to the atrioventricular sulcus, 2) an anterior paraseptal area located halfway between apex and base, and 3) a posterior paraseptal area halfway from apex to base. In some hearts an additional area of left ventricular epicardial breakthrough was found near the apex posteriorly. The location of the latest activated area in the left ventricle was generally the posterobasal left paraseptal region, or in a more lateral location posteriorly.
Our study was performed to resolve the question of whether the data from the reperfused hearts of Durrer et al.14 accurately reflected epicardial activation in the intact human heart, and to quantitate further the range of normality. In our study, 11 patients with normal QRS were mapped before institution of cardiopulmonary bypass. All patients had three to five epicardial breakthrough sites, and all 11 patients had first breakthrough in the anterior right ventricle. Subsequent breakthrough sites appeared in the anterolateral left ventricle in 10 patients, in the inferior right ventricle in 10 patients, and in the inferior left ventricle in seven patients. All breakthroughs occurred 7-48 msec after the onset of QRS. The earliest right ventricular epicardial site ranged from 7-25 msec (mean 17 msec). Figure 3 shows that most of the epicardial breakthrough sites identified in this study were consistent with the data of Durrer et al. '4 However, in virtually all hearts, we found a previously undescribed breakthrough site, on the inferior right ventricular wall. In four patients, this was located near the base adjacent to the septum. In another five, it was found toward the acute margin posterobasally, and in one, toward the right ventricular apex.
Latest epicardial activation corresponded to the terminal portion of the surface QRS, and was recorded within 20 msec of the end of the QRS in all of our cases. The site of latest activation on the epicardium ( fig. 4 ) was always at the atrioventricular sulcus, and was seen variously in the conus (four patients), the anterobasal right ventricle (one patient), and along the posterobasal region in six patients (four on the right and two on the left). The basal anterolateral left ventricle was never a site of latest epicardial activity.
Our data is consistent with that of Durrer et al.14 in respect to sites and timing of epicardial breakthrough, with the exception of the inferior right ventricle where a new finding of epicardial breakthrough is described. In respect to sites and timing of latest epicardial activation, we are also generally in agreement. In nine of our 11 patients, the basal right ventricular epicardium was activated last. We, as Durrer, found the single most common latest site of epicardial activation to be the outflow region of the right ventricle. However, an equal number of patients had latest activation of the posterobasal regions (paraseptal, marginal) of the right ventricle.
As described above, when the latest activated site of the individual ventricle was analyzed, the latest left ventricular activated site was always the postero-basal region in our study; this is consistent with Durrer's data. However, Barbato et al. ' 1 stated that latest left ventricular activation occurred in the lateral half of the anterior surface and lateral surface, in normal human hearts. We believe that the paucity of data from the inferior aspect of the left ventricle in their cases probably obscured even later sites in this region. The process of fusion of epicardial wavefronts yielding the pattern of activation of the epicardial surface, reflected the number, timing and location of the epicardial breakthrough sites. The onset of epicardial activation in the anterior right ventricle at 7-25 msec after QRS onset implies that the thinness of the right ventricular wall allows more rapid transmission to the epicardium of the later endocardial wavefront in the right ventricle. In the left ventricle, earlier endocardial activation and later epicardial breakthroughs are, in part, a function of thickness and transmural activation velocity across the left ventricular free wall.
Our finding of an almost invariable breakthrough in the inferior right ventricular epicardium is difficult to interpret. There is no anatomic evidence to suggest that the right bundle branch splits into major divisions or fascicles, as may be the case on the left side.'6-21 An alternative explanation seems more likely -that the relative thinness of the free wall of the inflow region of the right ventricle compared with the outflow and apical region, as shown by Eckner et al.,22 allows early emergence of activation at the basal inferior epicardial surface, of a wavefront which envelopes the right ventricular subendocardial layers almost instantaneously. Why these sites have not been documented previously may be related to the relative inaccessibility of the diaphragmatic wall of both ventricles and the paucity of data from these regions in many previous studies. We do not have an explanation for the absence of these breakthroughs in the cases of Durrer et al. ' 30 We hope that our data may also be helpful in the interpretation of computerized isopotential body surface mapping studies, in which the appearance of normal sinks or minima are usually interpreted as indicating epicardial breakthrough phenomena.257 26 31 The location of these phenomena on the basis of the body surface studies involves some extrapolation. Knowledge of the range of normal breakthrough phenomena should assist this extrapolation process.
